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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Brittle and ductile fracture surfaces of annealed low-carbon steel specimens having different grain sizes were investigated by 
means of confocal laser scanning microscopy (CLSM) in conjunction with conventional scanning electron microscopy (SEM) 
and electron backscattered diffraction (EBSD). It is shown that very informative 2- and 3D fractographic CLSM images can be 
obtained and compared with SEM. The fracture surfaces were quantitatively characterized in terms of the areal surface roughness 
and characteristic surface area. It was found that the characteristic fracture surface area rather than areal roughness can be used as 
a measure f fracture surface ductility. The misorientation and diameters of cleavage facets were measure  and compared with 
initial misorient tion and size of grains evaluated by EBSD. The excellent agreement was f und between characteristics of 
fracture surfac  lements and the underlying microstru ture. It is concluded that CLSM is th  powerful to l for the qualitative 
and quantitative fracture surfaces analysis.  
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1. Introduction 
The fractography is one of the most important methods for failure analysis and materials properties evaluation, 
along with metallography, mechanical testing etc. However, the vast majority of fractographic studies are limited to 
visual description of fracture surface features and thus are qualitative even if observations are performed on different 
scales. Thus, the objectivity and accuracy of fracture surface examination depends largely on skills and experience 
of an analyst. Perhaps the main reason impeding the quantitative fractographic analysis by means of conventional 
scanning (SEM) or transmission (TEM) electron microscopy is the lack of precise data on topographic features. 
Unlike the microstructure, which can be fully characterized by 2D metallographic images, a fracture surface is a 3D 
object and three coordinates for every point of such object are required for proper quantitative description of the 
surface topology.  
A promising technique which has recently emerged for 3D quantitative fractographic analysis is the confocal 
laser scanning microscopy (CLSM). This method ensures high lateral and axial resolution imaging of even very 
rough surfaces with large differences in heights (or large variance of the surface profile). Although some examples 
of application of CLSM in material science (Hovis and Heuer (2010), Tata and Raj (1998)) and particularly in 
fractography (Staňková et al. (2007)) exist, the quantitative characterization of fracture surfaces is still challenging. 
We endeavor to demonstrate that the CLSM paired with the electron backscattered diffraction (EBSD) technique 
paves a new avenue for quantitative characterization of complex fracture surfaces. 
2. Experimental 
The commercial hot-rolled low carbon steel S235JR was used for tensile tests in the present study. The smooth 
flat specimens with the gage dimensions 15x4x1.7 mm3 were cut along the rolling direction by spark erosion. They 
were then mechanically polished, annealed in vacuum at 850 oC and at 950 oC for 30 minutes and furnace cooled. 
The uniaxial tensile tests were performed in air at room temperature as well as in liquid nitrogen at -196 ºC using 
universal testing machine H50KT (Tinius Olsen).  
The microstructure of the specimens before tensile testing was examined by the confocal laser scanning 
microscope Lext OLS4000 (Olympus) and by the EBSD technique. The EBSD patterns were obtained and 
processed by the EDAX/TSL facilities and software installed in Zeiss SIGMA field emission scanning electron 
microscope. To investigate the specimens microstructure just beneath the fracture surface the microsection normal 
to the fracture surface was prepared and analyzed by EBSD.  
2.1. Principles of confocal laser scanning microscopy 
The fracture surfaces of the specimens were investigated using both the CLSM and SEM. The CLSM was used to 
obtain and quantitatively characterize the 2- and 3-D topographic images. The CLSM technique is based on the 
confocal optical scheme providing high spatial resolution and allowing for eliminating the out-of-focus light, 
enhancing thereby the contrast and brightness of the resulted image. This effect is enabled by the special pin-hole 
aperture mounted between the objective lens and the detector. The 2-D imaging occurs by high-frequency XY 
scanning of the object surface with the thin violet 405 nm wavelength laser beam. The use of the short-wavelength 
laser as a light source permits obtaining the images with lateral resolution up to 110 nm. As a result of XY scanning, 
the 1024x1024 pixel image is created where every pixel has its own x and y coordinates and the corresponding 
intensity value. Upon obtaining the 2D image, the subsequent acquisition of a 3-D topographic image is achieved by 
the movement of objective along the vertical axis. During this process, a series of successive 2-D images is collected 
at evenly spaced height levels. The step height – the vertical distance between two successive “optical slices” - can 
be manually set. Owing to the high precision Z-axis drive, the step height can be as small as 10 nm that determines 
the axial resolution of the microscope. Final reconstruction of 3-D surface topography occurs by computerized 
processing of collected data. This procedure includes assignment of Z coordinate to every pixel of 1024x1024 
image. The proper Z-coordinate of the pixel is determined as the vertical position of the objective corresponding to 
that “optical slice” in which the given pixel has maximum intensity. The quite long Z-traveling distance of the 
objective allows for examining very uneven objects such as fracture surfaces.  
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2.2. Quantitative characterization of fracture surfaces 
For the CLSM fracture surface analysis, several 256x256 and 128x128 μm regions of the fracture surfaces were 
scanned with the MPlanApoN50xLEXT (1000x magnification) objective lens at 1 μm step height. During the 
CLSM imaging the tensile axis of the specimen was aligned with the Z-axis of the microscope, i.e. the plane of all 
images is perpendicular to the normal stress direction. In order to reduce the noise and other artifacts after 
acquisition the images were processed and rectified with the “pre-measurement” filter built in the original Lext 
OLS4000 software package. The same software was also used for the measurement of the true relief area and 
roughness of the fracture surfaces. The surface roughness was evaluated in terms of the 3D areal surface topography 
parameters Sa - arithmetical mean height of the surface and Sq - root mean square height of the surface, in 
accordance with ISO 25178. Another parameter which was used for characterizing the fracture surfaces is the 
characteristic surface area Sr calculated as the true surface area divided by the area of the image.  
2.3. Facets analysis. 
The analysis of the facet diameters and the misorientation angles between the facets was performed with aid of 
the homemade computerized procedures developed at NUST “MISIS” (Moscow). This software operates with the 2-
D jpeg images of fracture surfaces, see Fig. 1a, b, and with the corresponding 3-D maps containing x, y, z 
coordinates for every pixel of these images. Required data are exported from the CLSM Lext software. Using the 
graphical user interface, the operator distinguishes and outlines the facets on jpeg image with a polyline tool, see 
Fig. 1b. Then the program finds the pixels from the outlined area in the corresponding 3-D height map, see Fig. 1c, 
approximates this part of the surface with a plane and calculates the coefficients of the equation of the plane. This 
plane is considered as the facet plane. When the coefficients of the equation of the plane are known for every 
outlined facet, the inclination angles of the facets to the image plane as well as the misorientation angles between 
adjacent facets, see Fig. 1c, can be easily calculated. 
 
Fig. 1 – Principles of determination of the facets boundaries (a), (b) and misorientations (c). 
We should notice that the term "facet" does not have a commonly accepted clear definition. Therefore, it is still 
methodologically quite difficult to formulate a non-supervised automatic procedure for determining the facet 
boundaries. Hence, in the present work, we determine the facets boundaries manually from visual inspection of the 
images. Generally, the boundary between two facets is defined as a clearly visible line delineating two planar 
regions of the fracture surface with different, but uniform contrast in the microscopy images; the shape of facets 
should be comparable with the shape of respective grains. The line where the river pattern changes its direction (see 
arrows in Fig. 1a) also constitutes the boundary between two facets. Examples of facets defined in this way are 
shown in Fig. 1b. One can see that the facets of two different grains are separated by a curved line reproducing the 
shape of the grain boundary (for example, notice the boundary between facets 2 and 3 in Fig. 1b) while the facets 
within a single grain are separated by a straight line or a polyline, c.f. the boundary between facets labeled as 1 in 
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Fig. 1b. In this way, the facets corresponding to a given single grain were labeled with the same figures. In the 
further analysis, the angles between these facets belonging to the same grain were not taken into account during 
calculations of misorientation distributions. For comparison with the grain size, the areas of these facets were 
summed up. The areas of the facets which are cut by the image boundaries such as 4, 5 and 6 in Fig. 1b were not 
accounted. 
3. Results 
3.1. Microstructure analysis 
The steel have a typical ferrite–perlite microstructure, Fig. 2a and e. As follows from Fig. 2, the grain size of the 
specimens annealed at 950 ºC is notably larger than that of the steel annealed at 850 ºC. The analysis of EBSD 
invers pole figure (IPF) maps, Fig.2b and c, shows that the average grain diameter is 29.4 and 14.1 μm for the 
specimens annealed at 950 and 850 ºC respectively, see Table 1. Grain diameters in the specimens of both types are 
lognormally distributed, see Fig. 2c, g. Uncorrelated distributions of misorientation angles of both specimens are 
close to random Mackenzie distributions. The correlated misorientation angle distribution (CMAD) exhibits 
appreciable difference with the Mackenzie distribution in the low angle domain. In what follows, we will focus on 
the misorientation angles between adjacent facets and therefore CMAD will be given priority.  
 
Fig. 2 – Microstructural features of the specimens annealed at 850 (a-d) and at 950 ºC (e-h): (a, e) – metallographic images, (b, f) – EBSD IPF 
maps, (c, g) – grains diameters distributions, (d, h) – distributions of grains misorientation angles. 
Table 1 – Quantitative features of the microstructure and fracture surfaces of the S235JR steel specimens. 
Temperature 
of vacuum 
annealing, °C 
Average 
grain 
diameter, 
μm 
Average 
misorientation angle 
between grains, deg 
Fracture 
mode 
Characteristic 
surface area 
Sa, μm  Sq, μm  Average 
facets 
diameter, 
μm 
Average 
misorientation 
angle between 
facets, deg 
850  14.1±6.7  40.1±12.6  Ductile  4.2±0.4  11.2±1.1  14.4±1.3  ‐‐  ‐‐ 
Cleavage   2.1±0.1  5.7±0.7  7.1±0.9  13.7±4.7  37.6±20.1 
950  29.4±21.9  39.4±14.1  Cleavage   2.2±0.1  9.7±0.9  12.1±1.5  29.2±14.5  39.5±21.6 
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3.2. Fractures surface analysis 
The fracture surface of the specimens tested in air at room temperature is completely ductile exhibiting the 
dimpled relief, as one can see on SEM image in Fig. 3a. The 2D CLSM image of the same area is shown in Fig. 3d. 
When tested in liquid nitrogen the specimens fractured by cleavage. Although the contrast is somewhat different the 
typical cleavage facets with pronounced river patterns can be equally well visible on both SEM images in Fig. 3b, c 
and CLSM ones, see Fig. 3e, f. One can note that dimpled fracture surface on the 2D CLSM image is less 
recognizable in contrast to the SEM image. Nevertheless, clear distinction between ductile and brittle fracture 
surfaces is revealed by topographic 3D CLSM images with corresponding profiles presented in Fig. 4. One can see 
that the profile of the dimpled fracture surface is very uneven and rough, see Fig. 4a, while the cleavage surface has 
a polyline-like profile, see Fig. 4b and d. The straight segments of this polyline are the profiles of distinct cleavage 
facets oriented at different angles to each other. Often the angles between such facets are close to 90º angles. The 
cup-like profiles of the dimples on ductile fracture surface can also be recognized, see arrows in Fig. 4a, c.  
The profiles of fracture surfaces can be described in many different quantitative parameters. The most common 
way of quantitative characterization of the surface is the measuring of the roughness. Since CLSM allows obtaining 
the height map of surface, it is possible to calculate the areal surface roughness. As follows from Table 1 in the case 
of the specimens annealed at 850 °C Sa and Sq of brittle fracture surface are two times lower than for ductile one. 
However, the value of these parameters for the brittle fracture surface decreases with the increase in the specimen 
grain size. Thus, the difference between roughness of the brittle and ductile fracture surfaces becomes less obvious. 
Perhaps more reliable parameter in this case is the characteristic surface area Sr. Indeed one can see in Table 1 that 
Sr of the brittle fracture surface is two time lower than for the ductile one. Nevertheless, the value of Sr is 
independent of the grain size of the steel. Thereby Sr can be used as a measure of fracture surface ductility.  
 
Fig. 3 – SEM (a-c) and CLSM (d-f) images of ductile (a, d) and brittle (b, c, e, f) fracture surfaces of the specimens annealed at 850 ºC (a, b, d, e) 
and at 950 ºC (c, f). SEM and subjacent CLSM images are acquired from the same area. 
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μm 
Average 
misorientation 
angle between 
facets, deg 
850  14.1±6.7  40.1±12.6  Ductile  4.2±0.4  11.2±1.1  14.4±1.3  ‐‐  ‐‐ 
Cleavage   2.1±0.1  5.7±0.7  7.1±0.9  13.7±4.7  37.6±20.1 
950  29.4±21.9  39.4±14.1  Cleavage   2.2±0.1  9.7±0.9  12.1±1.5  29.2±14.5  39.5±21.6 
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3.2. Fractures surface analysis 
The fracture surface of the specimens tested in air at room temperature is completely ductile exhibiting the 
dimpled relief, as one can see on SEM image in Fig. 3a. The 2D CLSM image of the same area is shown in Fig. 3d. 
When tested in liquid nitrogen the specimens fractured by cleavage. Although the contrast is somewhat different the 
typical cleavage facets with pronounced river patterns can be equally well visible on both SEM images in Fig. 3b, c 
and CLSM ones, see Fig. 3e, f. One can note that dimpled fracture surface on the 2D CLSM image is less 
recognizable in contrast to the SEM image. Nevertheless, clear distinction between ductile and brittle fracture 
surfaces is revealed by topographic 3D CLSM images with corresponding profiles presented in Fig. 4. One can see 
that the profile of the dimpled fracture surface is very uneven and rough, see Fig. 4a, while the cleavage surface has 
a polyline-like profile, see Fig. 4b and d. The straight segments of this polyline are the profiles of distinct cleavage 
facets oriented at different angles to each other. Often the angles between such facets are close to 90º angles. The 
cup-like profiles of the dimples on ductile fracture surface can also be recognized, see arrows in Fig. 4a, c.  
The profiles of fracture surfaces can be described in many different quantitative parameters. The most common 
way of quantitative characterization of the surface is the measuring of the roughness. Since CLSM allows obtaining 
the height map of surface, it is possible to calculate the areal surface roughness. As follows from Table 1 in the case 
of the specimens annealed at 850 °C Sa and Sq of brittle fracture surface are two times lower than for ductile one. 
However, the value of these parameters for the brittle fracture surface decreases with the increase in the specimen 
grain size. Thus, the difference between roughness of the brittle and ductile fracture surfaces becomes less obvious. 
Perhaps more reliable parameter in this case is the characteristic surface area Sr. Indeed one can see in Table 1 that 
Sr of the brittle fracture surface is two time lower than for the ductile one. Nevertheless, the value of Sr is 
independent of the grain size of the steel. Thereby Sr can be used as a measure of fracture surface ductility.  
 
Fig. 3 – SEM (a-c) and CLSM (d-f) images of ductile (a, d) and brittle (b, c, e, f) fracture surfaces of the specimens annealed at 850 ºC (a, b, d, e) 
and at 950 ºC (c, f). SEM and subjacent CLSM images are acquired from the same area. 
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Fig. 4 – CLSM 3D-reconstructed images with corresponding profiles from the ductile (a, c) and brittle fracture surfaces (b, d), of the specimens 
annealed at 850 (a,b) and 950 °C (d). 
3.3. Facets analysis 
The diameters and misorientation angles between adjacent cleavage facets were measured. It is found that 
average facet diameter well coincides with initial average grain diameter, see Table 1. As well as grain sizes the 
sizes of the facets are about two times lower for the specimens annealed at 850 ºC in contrast to those annealed at 
950 ºC. The distributions of facets and grains diameters for both types of specimens have a lognormal shape, see 
Fig. 2c, g and Fig. 5a, b. According to the Whitney-Mann test, the distributions corresponded to the same specimens 
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are not significantly different at 0.05 significance level. The average misorientation angles of the facets for 
specimens of both types are quite close to average misorientation angle of grains. However the distribution of the 
misorientation angles between facets is normal, see Fig. 5c, d, and it is significantly different from the CMAD of 
grains, see Fig. 2d, h.  
 
Fig. 5 – Distributions of facets diameters (a, b) and misorientation angles (c, d) for the specimens annealed at 850 (a, c) and 950 ºC (b, d). 
As was shown by Mackenzie (1958), possible misorientation angles between grains with cubic lattice are limited 
by 62.8º which is clearly seen on the experimental distribution shown in Fig. 1d and h. Figure. 5 demonstrates that 
in contrast to grains, the facets can be misoriented at angles higher than 62.8º. Moreover, the fracture surface 
contains many facets oriented at angles close to 90° with respect to each other as illustrated in Fig. 4d. The 90º 
misorientations can be reasonably anticipated for the facets related to the same grain because cleavage in bcc iron 
and steels occurs primarily along the {100} crystallographic planes (Davies et al. (2002), Mohseni et al. (2013)). 
This is evidently demonstrated by EBSD IPF+IQ (image quality) map captured from the cross section of the 
cleavage fracture surface area, c.f. Fig. 6. One can see that most of the cracks and facets within the same grain are 
either nearly parallel or perpendicular to each other. Moreover, they are aligned with particular crystallographic 
planes of the cubic lattice. When the cleavage crack passes through a grain boundary, its propagation direction 
changes to comply with a new crystallographic plane in the adjacent grain. Generally, the cleavage crack tends to 
align itself with the one of the {100} family planes in the neighboring grain. However, it is not necessary that the 
crack turns to the {100} plane which is closest to the original crack direction. For example, if the (100) and (010) 
planes are oriented at 20º and 70º to the crack plane, the cleavage can occur along either of them. This is the reason 
for a wide range of misorientation angles between the cleavage facets, which is observed experimentally. The 
normal shape of CMAD of cleavage facets is also expected since the corresponding distribution of grains is close to 
random. Similarly to the CMAD of grains the CMAD of cleavage facets slightly deviates from normal in the low 
angle domain. Besides, the discrepancy between the distributions of misorientations for grains and facets can arise 
from the behaviour of the cleavage crack which can propagate not only along the {100} planes but also along other 
low-index planes such as {110} (Mohseni et al. (2013), Nohava et al. (2002)). Nevertheless, the contribution of 
these planes in the overall cleavage process is believed to be rather minor (Mohseni et al. (2013)). 
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Fig. 6 – EBSD IPF+IQ map of the cross-sectional area just beneath the fracture surface of the specimen annealed at 850 (a) and 950 °C (b) and 
tested in liquid nitrogen. 
4. Summary 
In the present study it is shown that CLSM can be used as a powerful tool for the qualitative and quantitative 
characterization of different fracture surfaces and their topography. Particularly the ductility of fracture surface can 
be expressed through the characteristic surface area Sr. Another new way of application of CLSM is investigation of 
orientation of the facets in brittle fracture surfaces. All results obtained with CLSM were verified and confirmed by 
the conventional SEM and EBSD techniques. In particular it was unambiguously found that in line with common 
expectations cleavage cracking occurs by brittle separation of the grains along the well-defined low-index 
crystallographic planes. In a brief summary, it was shown that: (i) the average size of cleavage facets corresponds to 
the average grain size; (ii) distributions of sizes of grains and cleavage facets are statistically similar; (iii) the 
cleavage crack path follows strictly the crystallographic orientation of grains; (iv) misorientation angles between the 
adjacent cleavage facets are widely ranged from 0 to 90º; (v) most of cleavage facets and cracks within the same 
grain are either parallel or perpendicular to each other. Effectiveness of application of quantitative facets analysis by 
methodic presented in this study is corroborated by the results obtained in our recent investigation devoted to 
hydrogen assisted cracking (Merson et al. (2016)).  
Acknowledgements 
Financial support from the Russian Ministry of Education and Science through the contract № 
RFMEFI57714X0145 is gratefully appreciated 
References 
Hovis D.B., Heuer A.H., 2010. The use of laser scanning confocal microscopy (LSCM) in materials science. J. Microsc. 240, 173–80. 
Tata B.V.R., Raj B., 1998. Confocal laser scanning microscopy: Applications in material science and technology, Bull. Mater. Sci. 21, 263–278. 
Staňková B., Skálová H.; Jacková L, Mašek K.; 2007 Utilisation of laser confocal microscope Olympus LEXT for the analysis of the fracture 
area of fine grain steel, in: Focus Microsc. FOM 2007. 
Mackenzie J.K., 1958. Second Paper on the Statistics Associated with the Random Disorientation of Cubes, Biometrika. 45, 229–240. 
Davies P.A., Novovic M., Randle V., Bowen P., 2002 Application of electron backscatter diffraction (EBSD) to fracture studies of ferritic steels, 
J. Microsc. 205, 278–284. 
Mohseni P., Solberg J.K., Karlsen M., Akselsen O.M., Ostby E., 2013. Application of combined EBSD and 3D-SEM technique on 
crystallographic facet analysis of steel at low temperature, J. Microsc. 251, 45–56. 
Nohava J., Haušild P., Karlík M., Bompard P., 2002. Electron backscattering diffraction analysis of secondary cleavage cracks in a reactor 
pressure vessel steel, Mater. Charact. 49, 211–217. 
Merson E., Kudrya A.V., Trachenko V.A., Merson D., Danilov V., Vinogradov A., 2016. Quantitative characterization of cleavage and 
hydrogen-assisted quasi-cleavage fracture surfaces with the use of confocal laser scanning microscopy. Mater. Sci. Eng. A. 665, 35–46. 
